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Dark Matter Production [Hambye et. al (2019)]
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Boltzmann Equations

Boltzmann-Equations

dY
dt ∼ −Γ

H
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)

Process Efficiency? → Compare Γ to H ∼ T2M−1
Pl

→ If Γ � H process decouples; If Γ � H process is in equilibrium
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Dark Matter Production [Chu,Hambye,Tytgat (2011)]
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Do not forget: We assume (SM-DM) = (SM-Mediator) · (Mediator-DM)
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Dark Matter Production – Freeze-Out
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Dark Matter Production – Freeze-In [Hall et. al(2009)]
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Dark Matter Production – Freeze-In
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Dark Matter Production – Dark Freeze-Out
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Dark Freeze-Out

Energy transfer into the dark
sector (DS) stops before the DS
self-interactions decouple.
A larger SM-DS coupling
increases ΩDM

A larger DS self-interaction
decreases ΩDM.

Mathias Becker Dark Matter Production 7/25



Theoretische Physik III /

Fakultät Physik

Dark Matter Production – Dark Freeze-Out

Mediator

SM DM

Mediator

SM DM

z=m
T

Y= n
s

YDM

YMediator

YFI

Dark Freeze-Out

Energy transfer into the dark
sector (DS) stops before the DS
self-interactions decouple.
A larger SM-DS coupling
increases ΩDM

A larger DS self-interaction
decreases ΩDM.

Mathias Becker Dark Matter Production 7/25



Theoretische Physik III /

Fakultät Physik

Dark Matter Production – Reannihilation
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Dark Matter Production – Reannihilation
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Dark Matter Production – Reannihilation
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Experimental Constraints
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Direct Detection

[1903.03026]

Search for DM scattering with
nucleons on earth.
Looses sensitivity for
MDM . 10 GeV.
Constrains the DM-SM
coupling.
Light Mediators: Even
Freeze-In can be tested [Hambye

et. al (2018)]
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Direct Detection

[1903.03026]
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Collider Constraints

Requires a sizeable SM-DM or SM-Mediator coupling.

Large SM-DM : DM production and its signatures, e.g. missing energy.

Large SM-Mediator can test feeble SM-DM interaction via long-lived
particle searches.
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LHC friendly Freeze-In [Belanger et al (2018)]
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Figure 7. Summary of the LHC constraints for the lepton-like (upper panel) and the quark-like
(lower panel) FIMP scenarios. The lines correspond to contours of Ωsh

2 = 0.12 for the values of
ms and TR given in the legend.

events leave only a few hits in the inner detector. Further lowering TR leads into the region
that can be well covered by the DL search, and thus the mass reach goes up to 400 GeV
for cτ ∼ 1 cm.

We now turn to the small reheating temperatures that indicate the limit below which
one can probe specific baryogenesis models. While supercooled scenarios (TR < 50 GeV)
cannot be falsified with our analysis since the corresponding parameter space is almost
already probed (except for a tiny region around mF ∼ 400 GeV), there is still parameter

developed in [133].

– 21 –

Lines indicate correct
relic density
Hadronic model:
mF ≥ 1.5 TeV
A measurement of the
leptonic model might
rule out certain
leptogenesis scenarios
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Collider Constraints
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Astrophysical Constraints

Tremaine-Gunn bound: Phase space-density in small halos leads to
MDM & 5 keV for fermions.

BBN constraints particles that interact strongly with e±, γ or ν:
MDM & 10 MeV (very model dependent).

DM self-interaction is constrained to σDM
MDM

. 1 cm2

g from Bullet Cluster.

Lyman-α measurement typically requires MDM & 5 keV for thermal DM.
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Indirect Detection

Typically less powerful than direct detection.

Concept: DM annihilates into SM particles which can be observed on earth,
e.g. γ-rays.

For feebly interacting DM: DM decay products might be observed.
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Together
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Portals to Dark Matter

Higgs Portal(
φ†φ

)
η2

[Arcadi,Djouadi,Raidal (2019)]

Vector Portal

BµνB′
µν

[Hambye et. al (2019)]

Neutrino Portal

L̄φνR

N itself can be a DM candidate

→ simplest scenario tightly constrained from Lyman-α and N → νγ
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The Neutrino Portal to Dark Matter

Dark sector: Fermion χ and scalar η, stabilized by U (1) or Z2.

Lagrangian

L = LSM + Lkin,DS − Vsc. − (ν̄R [(yνφL + yχηχL] + h.c.)

Type-I seesaw Inverse seesaw Type-I seesaw
Freeze-Out Freeze-Out Freeze-In

[Escudero,Rius,Sanz (2016)] [Batell et. al (2017)] [MB (2018)]
[Escudero,Rius,Sanz (2016)] [Batell,Han,Es Haghi (2017)] [Chianese,King (2018)]

[González Macı́as et. al (2016)]
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Vacuum Stability I

Scalar Potential

L ⊃ −m2
ηη

2 − λ2η
4 − λφ,η

(
φ†φ

)
η2 − yχχ̄νRη
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Vacuum Stability II
Analytic Estimate

ln
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µλ2

µDM
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=

4π2λ2 (µDM)
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Neutrino Portal: Inverse Seesaw
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FIG. 1. Limits and constraints on the parameter Y = y4
L

(∑
i |Ui4|

2)2 (mχ/mφ)4 as a function of the DM mass mχ, assuming
mixing dominantly with the e, µ, τ flavors from top to bottom. We have fixed the mediator mass to be mφ = 3mχ. On the
left we take the heavy neutrino’s mass to be m4 = 10mχ and on the right we fix it to m4 = 400 GeV. The blue lines show
the limit on Y given the upper limit on |Ui4|2 (which are functions of m4, see Fig. 2) and two different upper limits on yL: 1)
the perturbative limit yL < 4π (solid) and 2) the fine tuning limit yL < 4πmφ/m4 (dashed) where we require that radiative
corrections to the φ mass are not larger than the φ mass itself and assume that m4 is the cutoff scale. The orange lines show
where the heavy neutrino’s visible branching ratio (through weak interactions) is 10−3 for the same two upper limits on yL,
pertubativity (solid) and fine-tuning (dashed); below these lines for either of these values of yL the visible branching ratio is
smaller than 10−3. The solid gray line shows where the annihilation cross section is 1 pb, roughly the value required for a
thermal relic. Above this line, the correct DM density can be easily explained by an initial asymmetry while below it requires a
more intricate cosmological story. We also show direct detection limits through the effective DM coupling to the Z (red, solid),
as well as the direct detection cross sections corresponding the the “ν floor” (red, dotted). Future direct detection prospects are
shown as red, dashed curves. Values of the coupling required to obtain small scale structure cutoff masses of 107,9M�, relevant
for addressing the missing satellites problem are shown as dashed green lines. The “Neff” limit on the DM mass, mχ & 10 MeV,
comes from CMB and BBN measurements of the effective number of relativistic degrees of freedom. See text for details.
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Fermionic Higgs Portal

Lagrangian

L ⊃ 1
2mχχ̄χ+

λHχχ

Λ
φ†φχ̄χ

Requires UV-completion.
Mainly constrained by direct detection and Higgs invisible decay width.
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Fermionic Higgs Portal

Figure 19: Summary of constraints in the planes [mX , λHXX ] (left panels) and
[mX ,BR(H → XX)] (right panels) for the Higgs–portal DM in the scalar (top), fermionic
(middle) and vector (bottom) cases. The black contours correspond to the correct DM relic
density. The blue and brown regions are excluded, respectively, by direct detection limits
from XENON1T and the invisible Higgs decay width. The black contour lines correspond
to invisible Higgs branching ratios of 10 %, 5 % and 1 %. The magenta and purple con-
tours represent the sensitivity reach of next generation direct detection experiments such
as LZ/XENONnT and DARWIN.

41

Freeze-In scenarios still viable but
UV-complete discussion necessary.
Typically a ’Freeze-In A’ scenario.
Important: UV-complete
discussion of freeze-out scenario
can open up the parameter space
again
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Conclusions

bla
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